Abstract The H1 haplotype of the microtubule-associated protein tau gene (MAPT) is associated with an increased risk of Parkinson disease (PD) compared with the H2 haplotype, but its effect on Lewy body (LB) formation is unclear. In this study, we compared the MAPT haplotype frequency between pathologically confirmed PD patients (n = 71) and controls (n = 52). We analyzed Braak LB stage, Braak neurofibrillary tangle (NFT) stage, and CERAD amyloid score by haplotype. We further tested the association between MAPT haplotype and semi-quantitative counts of LBs, NFTs, and neuritic plaques (NPs) in multiple neocortical regions. Consistent with previous reports, PD cases had an increased likelihood of carrying an H1/H1 genotype compared to controls (OR = 5.72, 95 % CI 1.80-18.21, p = 0.003). Braak LB, Braak NFT and CERAD scores did not differ by haplotype. However, H1/H1 carriers had higher LB counts in parietal cortex (p = 0.02) and in overall neocortical LBs (p = 0.03) compared to non-H1/H1 cases. Our analyses suggest that PD patients homozygous for the H1 haplotype have a higher burden of neocortical LB pathology.
Introduction
The pathogenesis of Parkinson disease (PD) remains poorly understood; however, the importance of genetic risk factors has been increasingly recognized. Genomic variation in the microtubule-associated protein tau gene (MAPT) has been shown by multiple genome-wide association studies to be associated with an increased risk of PD (Bekris et al. 2010) . Specifically, PD patients are more likely than controls to carry the H1 haplotype (Desikan et al. 2015; Pankratz et al. 2012; Satake et al. 2009; Simon-Sanchez et al. 2009 ). The H1 and H2 haplotypes denote the two orientations of a large inversion that spans the MAPT gene locus. The H1 haplotype has been linked to increased risk of tauopathies such as progressive supranuclear palsy and primary agerelated tauopathy (Baker et al. 1999; Crary et al. 2014; Santa-Maria et al. 2012) . However, the link between the MAPT gene and PD risk is somewhat unexpected, since PD is characterized pathologically, not by tau aggregates, but by alpha-synuclein deposition in the form of Lewy bodies (LBs) and neurites.
Several lines of evidence suggest that tau can enhance alpha-synuclein aggregation in vitro and in vivo (Arima et al. 1999; Badiola et al. 2011; Clinton et al. 2010; Compta et al. 2011; Ishizawa et al. 2003) . However, the effect of MAPT haplotype on LB formation in human disease is unclear. One group reported a trend towards increased neocortical LB burden in those carrying an H1 haplotype (Wider et al. 2012 ), but their analysis combined all cases of Alzheimer disease, Lewy body disorders, and vascular neuropathology, providing no clinical PD subgroup. Another smaller study found an increase in LB deposition across all brain regions in Lewy body dementia cases carrying an H1 haplotype (Colom-Cadena et al. 2013) . However, this is of unclear significance, since Lewy body dementia has not been shown to be associated with the H1 haplotype (Seto-Salvia et al. 2011 ). In the current study, our goal was to assess the effect of MAPT haplotype on LB burden in autopsy-confirmed PD patients.
Methods
Subjects Human brain samples were obtained from the New York Brain Bank at Columbia University. Cases were included in our analysis if they met the following criteria: clinical diagnosis of PD at time of death; Braak LB score C3 on neuropathological assessment; tissue available for MAPT haplotype analysis. For cases with available information, we collected disease duration (defined as age at death-age at disease onset; N = 18 H1/H1, 6 H2) and presence of memory impairment (assessed by score [0 on item 1 of the Unified Parkinson's Disease Rating Scale (UPDRS); N = 13 H1/H1, 5 H2). For the H1/H1 cases, there were 35 Caucasian, 1 African-American, 2 Asian, and 13 without information. For H2 cases, there were 7 Caucasians and 13 without information. A group of elderly controls with minimal neuropathological abnormalities was previously described (Santa-Maria et al. 2012) . They were derived from 7 centers: New York Brain Bank (1 subject), University of California San Diego (San Diego, CA, USA), the University of Kentucky (Lexington, KY, USA), the Banner Sun Health Research Institute (Sun City, AZ, USA), Northwestern University (Chicago, IL, USA), the University of Washington (Seattle, WA, USA), and Washington University (St Louis, MO, USA). All controls were of Caucasian ancestry, clinically non-demented, and had Braak NFT score 0-II and CERAD score 0-A. Another control group from the Alzheimer's Disease Genetics Consortium (ADGC), as described in (Allen et al. 2014) , consisted of clinically non-demented subjects of EuropeanAmerican ancestry.
Genetics
DNA from cases was evaluated for MAPT haplotype by analyzing a haplotype-tagging single-nucleotide polymorphism (rs62063857) using the Sequenom MassArray iPlex method as previously described (Clark et al. 2014) . For the ADGC controls, MAPT haplotype was inferred from another haplotype-tagging SNP, rs8070723 (Allen et al. 2014) .
Neuropathology
Neuropathological analysis was performed as previously described (Vonsattel et al. 1995) . The distribution of LB pathology was assessed according to the Braak LB staging system (Braak et al. 2003) . The distribution of neurofibrillary tangles (NFTs) was designated according to the Braak NFT staging system (Braak and Braak 1995) . CERAD criteria were used to evaluate the density of neuritic plaques (NP) (Mirra et al. 1991) . Counts of neuropathological aggregates in specific brain regions were assessed semi-quantitatively by counting their maximal number in a 100X high power field (HPF). LBs were scored as follows: 0 for no LBs present; 1 for 1-2 LBs per HPF; 2 for 3-5 LBs per HPF; 3 for greater than 5 LBs per HPF. The neocortical regions analyzed for LBs were cingulate gyrus [Brodmann area (BA) 24], frontal cortex (BA9, BA4), temporal cortex (BA27, BA28, BA 36, BA20), parietal cortex (BA1, BA2, BA5, BA7), and occipitotemporal cortex (BA31, BA18, BA17). In addition, the scores for all 5 neocortical regions were added together to give a total neocortical LB score (possible scores 0-15), similar to the approach taken in (Colom-Cadena et al. 2013) . For uniformity, in this analysis, we excluded 13 cases that had only been assessed with markers of Lewy body pathology other than alpha-synuclein (e.g., ubiquitin immunohistochemistry and/or modified Bielschowsky silver). Similar analyses were performed for regional counts of other aggregates, and categorized as follows: for NFTs, 0 for no NFTs present, 1 for 1-2 NFTs per HPF, 2 for 3-6 NFTs per HPF, 3 for 7-15 NFTs per HPF, 4 for greater than 15 NFTs per HPF; for NPs, 0 for no NPs present, 1 for 1-5 NPs per HPF, 2 for 6-10 NPs per HPF, 3 for 11-20 NPs per HPF, 4 for greater than 20 NPs per HPF. The neocortical regions analyzed for NFT and NP counts were the same as for LB analysis, except that precentral gyrus (BA4) was analyzed instead of cingulate cortex. Total neocortical NFT and NP scores were also calculated in a manner analogous to the total neocortical LB score. Analyses were performed by an experienced neuropathologist (JPV) blinded to MAPT genotype.
Statistical analysis
The association between PD status and MAPT haplotype, using either a dominant model (H1/H1 vs H2 carriers) or an allele model, was tested using either Fisher's exact test or Chi-square test (depending on sample size). In addition, for the PD group and elderly neuropathologic controls, a logistic regression analysis was performed to assess the association between PD status (the outcome) and MAPT genotype (grouped as H1/H1 vs H2 carriers), adjusting for age at death and gender (the predictors). Among PD cases, the frequency of Braak LB stage, Braak NFT stage, CERAD score was compared between H1/H1 and H2 carriers, using Wilcoxon rank-sum test. Similar analyses were performed on regional neocortical LB, NFT, and NP counts to identify an association with MAPT genotype. As these analyses were exploratory in nature, no correction for multiple comparisons was made. p values of 0.05 or lower were considered statistically significant for all analyses. The statistical software package used was SPSS, version 16.
Results
Seventy-one cases met the inclusion criteria for analysis: neuropathologically confirmed, clinical Parkinson disease, with tissue available for haplotype analysis. In these cases, 51 (72 %) were H1/H1 homozygotes, 19 (27 %) were H1/ H2 heterozygotes, and only one patient (1 %) was an H2/ H2 homozygote (Table 1 ). There were no differences in gender, age at death, or disease duration between groups (Table 1 ). For cases with available information (13 H1/H1, 5 H2), all but one (an H1/H2 heterozygote) reported memory impairment by the time of death.
As our center has an insufficient number of brains lacking pathology to serve as an unaffected comparison group, we compared the distribution of MAPT haplotypes Table 1) . We found odds ratio comparable to those observed in prior studies (Pankratz et al. 2012 ), but these did not reach statistical significance in our relatively small cohort. To explore the relationship between MAPT haplotype and LB deposition in PD, we compared the Braak LB score between those with H1/H1 genotype vs H2 carriers (Table 1 ). There was no statistically significant difference between the H1/H1 and H2 cases (p = 0.10). However, Braak LB staging describes the anatomic spread of LBs, not the severity of LB deposition. To more directly assess LB burden, we compared semi-quantitative LB counts in multiple neocortical regions (Table 2) . We observed a significant association between higher LB counts and H1/ H1 genotype in the parietal cortex (p = 0.02 by Wilcoxon rank-sum test). In addition, the total neocortical LB score (the sum of scores from each neocortical region) was higher in H1/H1 patients compared to H2 carriers (Table 2 and Fig. 1 ; p = 0.03 by Wilcoxon rank-sum test). These data suggest that PD patients with H1/H1 genotype may carry a greater burden of neocortical LBs.
We also assessed the relationship between MAPT haplotype and neurofibrillary tangles or neuritic plaques. Overall, there was no significant difference between H1/H1 and H2 cases in terms of NFT Braak stage or CERAD score (Table 1) . We also performed a semi-quantitative analysis of neurofibrillary tangles and neuritic plaques in multiple neocortical regions and found no difference in either measure between H1/H1 and H2 cases (Supplementary Tables 2 and 3 ).
Discussion
Our study is consistent with an association between MAPT haplotype and neocortical LB deposition in a cohort of neuropathologically confirmed PD cases. Specifically, our data suggest that H1/H1 haplotype carriers had higher LB burden in the parietal cortex compared with H2 carriers. (41) 1 (6) Temporal cortex 0.08 0 3 (7) 2 (13) 1-2 4 (10) 2 ( Median (25, 75 %) 12 (9, 15) 9 (7, 10) LB counts are categorized according to the maximum number of LBs seen per X100 field
The sum of column numbers for each region may vary due to unavailability of tissue in some cases The link between H1/H1 genotype and LB deposition may be present in other neocortical regions as well, but our study did not have sufficient power to demonstrate these associations. This notion is supported by our finding that the total neocortical LB score was higher in H1/H1 patients compared to H2 carriers. Similar findings have been reported in prior studies of other populations with alphasynuclein pathology (Colom-Cadena et al. 2013; Wider et al. 2012 ). These studies focused on patients with dementia, primarily AD or DLB. However, the H1 haplotype has not been consistently associated with either AD or DLB; in contrast, the risk of PD is clearly increased by the H1 haplotype. Our cohort of PD patients was more likely than controls to carry the H1/H1 genotype. The robustness of this association (relative to prior studies) may be due to our use of pathologically well-characterized patients and controls, as most prior studies did not utilize pathologically proven PD cases or elderly controls lacking any evidence of neurodegeneration neuropathologically. Consistent with this, comparison with a large, clinically defined control group from the ADGC yielded a more modest odds ratio, similar to that seen in prior studies (Pankratz et al. 2012) . The current findings in our cohort of PD patients are therefore an important addition to the increasing evidence supporting a role for the tau gene in the pathophysiology of PD. Specifically, multiple studies suggest an interaction between tau and alpha-synuclein; molecular studies have demonstrated that tau enhances alpha-synuclein aggregation (Badiola et al. 2011) ; pathologic studies have found that tau is often a component of LBs (Arima et al. 1999; Ishizawa et al. 2003) ; and clinical studies describe a more severe phenotype in brains with concomitant tau and alphasynuclein pathology (Clinton et al. 2010; Compta et al. 2011) ,
The strengths of our study include our focus on pathologically confirmed PD patients, and semi-quantitative evaluation of multiple cortical regions. However, our study has several limitations. Most importantly, our study was exploratory in nature, with no correction for multiple comparisons in our statistical analyses (if such correction was employed, the differences in LB counts in parietal cortex and total neocortical LBs would not have reached statistical significance). A larger sample size would have increased the power of the study; ideally, our findings should be confirmed in an independent cohort. Another limitation of this study is that clinical diagnoses were based on a non-standardized clinical impression, rather than established diagnostic guidelines. However, all included cases met pathologic criteria for PD. The absence of a matched control population for comparison of haplotype frequency with our PD group, a result of our brain bank population, was another limitation. In particular, ethnicity has a significant impact on MAPT haplotype frequency. However, the main purpose of this study was to explore the effect of MAPT haplotype on PD pathology, rather than the risk of developing of PD, as the latter has been evaluated several times. The lack of a matched control group had no effect on the comparison of LB burden among PD cases. Finally, incomplete data for many of our cases prevented more detailed analysis of clinical characteristics.
The pathogenic effect of the H1 haplotype on tau function remains unclear. There are no differences in the coding region of brain-expressed exons between H1 and H2 haplotypes, implying that changes in gene regulation play an important role. A likely mechanism is alternative splicing of the tau gene. Inclusion of exon 10 leads to the production of 4R tau, which is more prone to aggregate. H1-encoded tau mRNA is more likely to contain exon 10 compared to H2-encoded transcripts (Caffrey et al. 2006; Majounie et al. 2013) . Another alternative splicing event, inclusion of exon 3, inhibits tau aggregation, and H1-derived transcripts are less likely to contain exon 3 (Caffrey et al. 2008; Trabzuni et al. 2012) . However, the significance of these splicing changes in primary synucleinopathies, such as PD, is unclear.
Several studies have found that the H1 haplotype correlates with increased risk of dementia in PD (Goris et al. 2007; Seto-Salvia et al. 2011; Williams-Gray et al. 2009 ), although this is not a universal finding (Irwin et al. 2012 ). In our cohort, the number of cases with data regarding memory impairment was small, and nearly all reported memory difficulties. Our observation of increased cortical LB deposition in H1/H1 patients may represent a neuropathological substrate underlying the likely increased risk of dementia. Indeed, other studies have found that cortical LB burden can be a predictor of dementia in PD (Horvath et al. 2013; Irwin et al. 2012) , or have shown that even in healthy H1 carriers, H1 is associated with reduced cognitive function (Winder-Rhodes et al. 2015) . Interestingly, H1 haplotype was found to be more common in patients with atremulous PD, a more clinically severe phenotype that portends a greater risk of dementia (Di Battista et al. 2014) . Taken together, these findings imply that the H1 haplotype, in addition to increasing the risk of developing PD, may also modulate the expression of several clinical factors associated with poor prognosis.
